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Abstract: Acceptance of wind energy development is challenged by stakeholders’ concerns about
potential effects on the environment, specifically on wildlife, such as birds, bats, and (for offshore wind)
marine animals, and the habitats that support them. Communities near wind energy developments
are also concerned with social and economic impacts, as well as impacts on aesthetics, historical
sites, and recreation and tourism. Lack of a systematic, widely accepted, and balanced approach
for measuring the potential damage to wildlife, habitats, and communities continues to leave wind
developers, regulators, and other stakeholders in an uncertain position. This paper explores ecological
risk-based management (RBM) in wind energy development for land-based and offshore wind
installations. This paper provides a framework for the adaptation of ecosystem-based management
to wind energy development and examines that framework through a series of case studies and best
management practices for applying risk-based principles to wind energy. Ten case studies indicate
that wind farm monitoring is often driven by regulatory requirements that may not be underpinned
by scientific questions. While each case applies principles of adaptive management, there is room for
improvement in applying scientific principles to the data collection and analysis. Challenges and
constraints for wind farm development to meet RBM framework criteria include collecting sufficient
baseline and monitoring data year-round, engaging stakeholder facilitators, and bringing together
large and diverse scientific teams. The RBM framework approach may provide insights for improved
siting and consenting/permitting processes for regulators and their advisors, particularly in those
nations where wind energy is still in the early development stages on land or at sea.
Keywords: wind energy; risk-based management; ecosystem-based management; risk assessment;
best management practices
1. Introduction
Widespread use of wind energy to power human needs can help to mitigate two of the greatest
threats to the environment: global climate change and effects of direct anthropogenic encroachment
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on the natural world [1]. However, the development and operation of land-based and offshore wind
energy farms have the potential to cause direct and indirect harm to wildlife and the habitats they
require. Increasingly the greatest challenge facing development of wind energy on land and at sea is
not technical, financial, or limited by the wind resource. Rather, stakeholder acceptance and regulatory
permission are seen as hurdles based on concerns about effects on birds, bats, and terrestrial mammals,
as well as marine mammals, sea turtles, and some fish at sea. Other issues of concern to communities
near wind energy developments include social and economic impacts, as well as impacts on cultural
and social values such as aesthetics, historical sites, and recreational and tourism activities [2,3].
This paper seeks to apply risk-based approaches to manage the interactions of wind energy
development and wildlife conservation. The most common risks and challenges for managing wind
and wildlife interactions will be reviewed, and the range of potential risk-based systems discussed as
background to the development of a framework and criteria for applying such a management scheme.
1.1. Ecological Risks Posed by Wind Energy Development
The range of potential risks from land-based wind farms to wildlife and habitats is well documented,
while less is known about risks from offshore wind [4–7]. Risks include collision risk to birds and
bats [8–10], displacement of flying and terrestrial animals from preferred habitats [11,12], and disruption
of migratory corridors [13,14], particularly for terrestrial mammals [15]. The direct and indirect effects
from offshore wind farm development have been less well documented, but they include similar risks
to bird and bat collisions [16,17]; disruption of marine mammal corridors [15] as well as harm to marine
mammals, fish, and sea turtles from construction of bottom-mounted turbine towers [18]; the potential
for scour and sediment resuspension around the foundations of bottom-mounted wind turbines [19];
and some evidence of displacement or barrier effects because of the presence of large offshore wind
farms [20–22].
1.2. Challenges of Wind-Wildlife Management
Lack of a systematic, widely accepted, and balanced approach for measuring the potential damage
to wildlife, habitats, and communities continues to leave wind developers, regulators, and other
stakeholders in an uncertain position. This uncertainty often leads to regulatory requirements for
studies and monitoring programs that do not necessarily contribute to improved environmental
protection [23]. Regulatory requirements and data collection efforts around wind farms during
construction, operation, and other project phases need to be more consistently linked to the actual
risk posed to a range of animals and habitats. One such approach to accomplishing this linkage is
risk-based management (RBM), which may act as a decision support system.
1.3. Risk and Risk-Based Management
Risk is a term widely used in many contexts; for the purposes of this paper, risk is defined as the
potential for a negative outcome and is considered the intersection of the probability (likelihood) of
that negative outcome, and the consequence (severity) of the outcome [24]. RBM is broadly defined as
a system for the identification, assessment, and setting of priorities among risks, so that the appropriate
level of resources can be applied to minimize, monitor, and control deleterious outcomes, considering
the inherent uncertainties in the system. Managing risk is a process by which potential negative
outcomes can be mitigated so that the residual risks are considered acceptable to society as informed
by the identification, evaluation, and monitoring of the mechanisms and outcomes that make up
the risks. There are many tools and constructs for identifying and managing risk for wind farms
and other industrial developments that may meet the legislative intent for managing development.
These resources include International Standards Organisation standard 31,000 [25] and the International
Finance Corporation (IFC) Good Practice Handbook for Cumulative Impact Assessment [26], as well
as scientific literature on these topics [27–29].
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RBM is reflected in many private and public sector planning and development actions as well as
project planning efforts; some of the lessons learned from other industries are relevant to a risk-based
system for examining wind and wildlife interactions [11,30]. A number of risk-based methods have
been used for environmental and natural resource management but have not yet gained widespread
use in extending protection to wildlife, habitats, and ecosystem processes that might be affected by
wind energy development. The most commonly used techniques include comparative risk analysis,
multiple-criteria decision-making/multiple-criteria decision analysis [31], multi-attribute utility theory,
analytical hierarchy process [31], outranking, ordered weighted averaging, bow tie analysis, cumulative
effects analysis, layer of protection analysis, and ecosystem-based management [32].
1.4. Challenges of Consenting/Permitting Wind Energy Projects
Despite decades of wind development in many nations, there is still considerable uncertainty around
potential effects of wind turbines, particularly offshore, on wildlife and their environment [33–35].
The uncertainty and paucity of data that link wind energy construction and operation to deleterious
effects, or that demonstrate no effect, coupled with regulatory drivers, often leads regulators and
stakeholders to approach wind energy consenting/permitting processes conservatively, in ways that
may be as stringent as the application of the Precautionary Principle [36,37]. Applying such precaution
may lead regulators or stakeholders to conclude that birds or bats entering the rotor-swept area of
a wind turbine are assumed to be fatally struck by a turbine blade. Mixed into this precautionary
approach is the erroneous equating of the potential effects of short-lived (but often high-impact)
construction activities, such as pile driving at sea for offshore wind installation, with the ongoing but
potentially less dangerous interactions of wind farms and wildlife during operation. Application of the
precautionary principle can result in permission being denied for new wind projects when deleterious
effects are in dispute or unknown.
Where risk-based approaches have been applied to the construction and operation of wind farms,
they have focused on risks other than ecological risks, including technical risk and reliability analyses,
financial risks, and security risks [38–41].
1.5. Environmental Risk-Based Systems for Wind Energy
Systems for examining environmental risk around wind energy farms have not been applied in a
systematic manner for consenting/permitting and there have been few attempts to use risk assessments
to determine a proportional level of investment in field data collection for baseline (pre-installation)
assessment or post-installation monitoring. Systematic designs of mitigation to provide effective and
efficient recourse for environmental impacts are also lacking [35]. There are some limited examples of
risk-based systems for wind energy development:
• Marine Scotland, the regulator for offshore energy development in Scotland, employs the
Survey-Deploy-Monitor approach to allow accelerated permitting and licensing for low-risk areas.
This risk-based approach is used when potential effects are poorly understood to enable wind
turbine deployment in a manner that will reduce scientific uncertainty over time, while enabling a
level of development that is proportionate to the risks [42].
• A risk-ranking system developed in the U.S. considers the biological imperatives for the potential
effects of offshore wind development on marine animals, birds, and bats, and their associated
habitats; the system also considers the protected or management status for each set of organisms
in the U.S. [43]. However, the system has not been implemented for permitting/consenting wind
farms in the U.S. or internationally.
• Adaptive management (AM)—a learning-based management approach used to reduce scientific
uncertainty—has been identified as a tool for advancing the wind energy industry, but its practical
application has been limited. AM has primarily been actively implemented in the U.S., while other
nations have applied some AM principles. AM allows wind energy projects to adapt monitoring
and mitigation over time, leading to improved decision-making [34,44].
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1.6. Ecosystem-Based Management
While many risk-based approaches used by other industries to manage natural resources provide
useful insights into managing wind energy and wildlife interactions, few touch on all of the important
aspects of ecosystems that land-based and offshore wind encompass. The risk-based approach that most
closely addresses aspects of the complex ecosystems that make up the landscapes/seascapes of wind
energy development is ecosystem-based management (EBM), used primarily in managing fisheries and
the marine environment [45,46]. EBM takes into account human as well as environmental/ecological
factors, using approaches that embrace holistic methods to include humans in an integrated view of
managing resources while sustaining ecological integrity [47–49]. EBM has been applied in several
nations to manage marine systems, notably in the U.S. by the National Oceanic and Atmospheric
Administration (NOAA) to inform multi-species, multi-sector ocean management [50–52], and in the
European Union (EU) as an integrative policy concept for the protection of aquatic biodiversity [53].
EBM has been used sparingly to study and manage land-based wind energy projects. In Canada,
the development of a large land-based wind farm at Aristazabal Island, British Columbia, relied on
multi-criteria decision-making based on a geographical information system (GIS) within an EBM
framework for siting [54]. Where ecological risk assessments have been applied to land-based wind
farms, they appear to focus on estimating wildlife mortality rates, behavioral changes, or interspecific
differences in vulnerability, rather than the vulnerability and connectivity of all pertinent ecosystem
components. In addition, a few studies have investigated the application of ecological risk assessments
on endangered or rare species populations in other nations [55].
1.7. Effective Application of Ecosystem-Based Management
There is a gap between the tenets of EBM and its practical application and appearance in
management plans [56]. This gap suggests that EBM concepts need to be more effectively translated
and that operational tools are needed to translate EBM principles into practice.
The elements of EBM overlap with the ecological goals of protecting wildlife and habitats under
wind energy development. This paper explores the use of ecological RBM in land-based and offshore
wind energy as a development and management tool, striving to describe a means of reducing the
uncertainties in data related to wind energy/wildlife interactions that drive risk to the environment.
By examining and managing the potential negative outcomes that may befall birds, bats, terrestrial
wildlife, marine mammals, other marine organisms, and the habitats and migratory pathways that
support them, RBM has the potential to ensure that wildlife protection measures are focused on
the factors that pose the highest actual (as opposed to perceived) risk, while maximizing renewable
energy development.
2. Materials and Methods
Based on a review of risk management approaches and the wind development needs of international
regulators, project developers, and researchers, EBM was chosen as the most appropriate risk-based
tool upon which to develop a wind-wildlife risk-based management framework. The framework
was developed using EBM criteria, modified from other RBM techniques applied to other industries
and natural resources [32], and adapted to goals and objectives specific to wind energy development.
The goals of EBM were reviewed and annotated [56] and formed the basis from which objectives
were derived, with the intent of assisting with responsible management of wind farms (Table 1).
In developing the objectives for the framework, three central attributes were used to assess potential
changes in ecosystems and ecological processes over time (e.g., long-term population trajectories of
long-lived species such as bats) at the scale of a wind energy farm [57]:
1. Spatial scales: Where does the risk occur and at what scale? For example, seasonal or diurnal
migratory linkages to wind farm development at one location may have an impact farther afield.
2. Temporal scales: When does the impact occur? For example, even though the severity of an impact
may appear to be limited now, it may trigger an ecological tipping point for future generations.
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3. Theoretical assessments: Which available models can appropriately assess risk across space and
time? For example, economic cost-benefit models tend to poorly predict effects in the long term.
Table 1. Ecosystem-based management criteria derived from the scientific literature (adapted from [56]).
Category Specific Criteria Requirement for Specific Criteria
General criteria
Sustainability Emphasizes maintenance of one or more aspects ofthe ecosystem
Ecological health Includes non-specific goals for ecosystem health or integrity
Inclusion of humans
in ecosystem
Recognizes that humans are elements of an ecosystem and





Acknowledges that linkages between ecosystem components,
such as food web structure, predator-prey relationships,
habitat associations, and other biotic and abiotic interactions,
should be incorporated into management decisions
Temporal Incorporates the temporal scale and dynamic characterof ecosystems





Recognizes that humans use and value natural resources, such
as water quality, harvested products, tourism, and
public recreation
Economic Integrates economic factors into the vision for the ecosystem




Science-based Incorporates management decisions based ontested hypotheses
Boundaries Recognizes that management plans must be spatially defined
Technological Uses scientific and industrial technology as tools needed tomonitor the ecosystem and evaluate management actions
Adaptive Continues to improve management actions throughsystematic evaluation
Co-management Promotes shared responsibility for management betweenmultiple levels of government and stakeholders
Precautionary
approach
Manages conservatively when threats to the ecosystem
are uncertain
Interdisciplinary Bases management on scientific understanding from severaldisciplines (ecology, economics, sociology)
Monitoring Tracks changes in biotic, abiotic, and human ecosystemcomponents for management purposes
This framework has been developed and tested empirically using a set of case studies of land-based
and offshore wind. The wind energy farms chosen as case studies represent a small subset of existing
farms where there is clear intent to examine and maintain environmental integrity by protecting
wildlife populations, ensure the continuance of adequate habitat, and/or conserve ecosystem functions
and services. The case studies do not attempt to scientifically assess the range of wind energy farms that
are in development or operation around the world, but rather to identify risks posed by wind farms
during multiple phases of development, to establish criteria for evaluating the acceptability of those
ecological risks, and to develop best practices for implementing RBM for wind energy development.
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3. Results
The RBM framework for wind-wildlife consists of a series of goals and objectives against which
empirical measures of wind energy farm management can be assessed. Derived from the EBM criteria
(Table 1), the goals that showed the closest correlation to wind energy management were honed with
wind-wildlife specific objectives (Table 2).
Table 2. Framework for ecological risk-based management as it applies to wind energy development,
derived from the goals of ecosystem-based management, after [56].
Goal No. Goal Wind Farm Objectives Needed to Meet Risk-Based Management Goals
1 Sustainability Native animals, plants, and the habitats and migratory corridors thatsupport them must persist and take into account population-level effects.
2 Ecological health The health and resiliency of the overall ecosystem is maintained orenhanced through management actions.
3 Inclusion of humansin ecosystem
A range of ecosystem services are accommodated in the area of wind
farm development.
4 Complexity
Management decisions acknowledge linkages between ecosystem
components, including predator-prey relationships, critical habitat needs
for vulnerable populations, linkages of migratory corridors and critical
habitats, and food web linkages at sea.
5 Temporal
Post-installation monitoring data collection and mitigation actions are
applied seasonally as needed for key populations. Consideration is given to
long-term cumulative effects on populations and habitats.
6 Spatial
Baseline assessments and post-installation monitoring of key populations
cover spatial scales appropriate to the life history and home ranges of those
populations. Consideration is given to the effects of wind farms that may
occur at greater distances.
7 Economics Operational constraints to protect wildlife and habitat allow sufficientpower generation for wind farms to be profitable.
8 Stakeholders
Interested parties are consulted at the start of the development process and
at all key points in time to determine sustainable operation of the
wind farm.
9 Science-based Management criteria are science-based with hypothesis-basedpost-installation monitoring plans.
10 Technological
Appropriate technologies and scientifically validated methods are used to
monitor the potential effects of wind farm operation, and to assess the
effectiveness of mitigation actions.
11 Adaptive
Adaptive management principles and procedures are applied to allow
changes in post-installation monitoring efforts and mitigation actions when
monitoring data indicate the need.
The case studies used to refine and test the framework were chosen from land-based and offshore
wind energy farms internationally, based on those for which sufficient information was available,
covering a range of development phases from planning, siting, consenting/permitting, installation,
operation, maintenance, repowering, and decommissioning. The case studies span several decades
of development from older well-established wind farms to those under development, particularly in
the offshore area, as well as one long-planned offshore wind farm that failed to progress, and a set of
land-based wind farms that have been evaluated as a unit within a region. Each case study is briefly
described, including the key management actions taken to protect wildlife (Table 3). More information
about each case study can be found in [32].
Each case study has been examined to determine the degree to which it can be seen to meet the
RBM goals for the framework, across the development phases for land-based and offshore wind farms
(Table 4).
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Table 3. Summary of wind energy farm case studies. Each case study details the location, physical features, development stage, and management actions taken to
protect wildlife and habitat. More detail on each case study can be found in [32].





Australia 37 turbines, 135 MWcapacity Under construction
Ecological approach to management, including adaptive management:
1. Biodiversity Management Plan developed as part of the overall Environmental
Management Strategy that requires management of brush, plants, and habitat in
the vicinity of wind farms, erosion control measures, brushfire management, and
extensive buffer around wind farms as a biodiversity offset.
2. Bird and Bat Adaptive Management Plan to provide baseline data on bird and bat
populations, post-installation monitoring, documenting mitigation measures, pest
control to discourage raptors around wind farm, bat deterrence including lighting,
reporting to support adaptive management.
3. A Risk Evaluation Matrix Model was applied for risk of bird or bat collision or
documented deterrence.
2 Norther OffshoreWind Farm Belgium
44 turbines, 370 MW
capacity Operational
1. Siting: The layout of the wind farm was adapted to minimize navigational and
resultant environmental risk. Obligatory collision-friendly foundation structures
are minimizing the risk of oil spills.
2. During construction: Active mitigation was used to reduce the emission of high
levels of impulsive sound during pile driving. The effectiveness of the mitigation
methods was evaluated.
3. Uncertainty and knowledge gaps were addressed as part of an overarching
long-term monitoring program funded by all nine offshore wind farms in
Belgium. Studies include all ecosystem components and their interlinkages.
4. Multi-use of the area (co-use with either aquaculture or wet renewables) is part of
the licensing conditions.
5. Adaptive management used to allow for adjustment in mitigation measures based
on monitoring results, which could result in either less or more stringent
mitigation measures.
6. Uncertainty related to cumulative effect assessments (CEAs) undertaken at the
appropriate scale requires trans-national (regional) input and cooperation.
3 Smøla Wind Farm Norway 68 wind turbines, 150 MWcapacity
Operational, moving
toward repowering
1. White-tailed eagle collisions of greatest concern, also those of other bird species.
2. An adaptive management approach used, in assessing needs for repowering.
3. Research is conducted on efficacy of updraft-based micro-siting of turbines
(which was tested at another wind farm on the neighboring island of Hitra),
painting blades and towers for better visibility, deterrence around turbines with
ultraviolet (UV) lighting, and selective curtailment.
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Table 3. Cont.







42 turbines, 121 MW,
estimated annual
production of 345 GW
Operational, repowering
1. Post-construction monitoring showed high fatality rate of common kestrels.
2. Mitigation to decrease attractiveness of the areas around the turbines and to
increase food availability in areas outside the wind farm.
3. Adaptive management was used, resulting in monitoring data that showed a
decrease in kestrel collisions, increased tracking of individuals with Global






Switzerland 145 wind turbines, spreadover 2000 km2
Studies under way to
support consenting and
development
1. Sensitivity mapping is being used to identify important sites for birds and bats,
and to exclude wind energy development.
2. Priority areas for wind energy development and the level of conflict potential for
nesting and migratory birds across the region are being identified.
3. Studies of bats and birds, including nesting habitats and buffers, and predictive
modeling for song birds’ migratory routes are being conducted.
4. Collision risk and population modeling is being conducted to determine
cumulative risks to protected bird and bat species.
5. Mitigation measures are being used to reduce population-level impacts.
6. A stakeholder steering committee monitors wind project development and
wildlife impacts.









1. Beatrice: 84 × 7
MW turbines
2. Moray East: 950
MW
installed capacity


















1. Initial zonal assessment identified the Moray Firth area for offshore wind farm
development based on GIS mapping that included a large number of constraints
(including information about seabirds and marine mammals).
2. Each project assesses worst-case scenario cumulative impacts at the population
level for potentially affected marine mammal and seabird populations.
3. Mitigation measures are incorporated through the Environmental Impact
Assessment process to reduce the risks; e.g., use of acoustic deterrent devices
(ADDs) prior to pile driving to reduce the likelihood of marine mammals being
injured by acoustics, use of fewer and larger turbines to decrease risks of collision
and displacement effects on seabirds.
4. A Regional Advisory Group (RAG), made up of key stakeholders, agreed upon
question-based monitoring that is undertaken by the project developers. The
results can inform future worst-case scenario cumulative effects assessment,
making it less precautionary and more accurate.
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Table 3. Cont.






5 turbines, 10 MW
capacity,
additional 5 turbines
proposed, 10 MW capacity
Operational and planning
1. Greatest concerns are over visual impacts and cultural resources. Other risks from
the wind farm are not clear but will be determined by monitoring.
2. Phased development, adaptive management, and landscape-scale management
are in use.
3. With the initial 5 turbines, monitoring will determine effects on birds and bats.
4. A phased approach will determine how 5 more turbines will be added, based on
monitoring of the first 5.
5. Explicit mention of need to reduce scientific uncertainty.
8 Block Island UnitedStates
First offshore wind farm




1. Siting and planning: Sited in wind energy area determined by the State of Rhode
Island through the Ocean Special Area Management Plan.
2. Studies: Extensive baseline studies and post-installation monitoring of benthic
habitats, birds, and bats.
3. Habitat protection: Horizontal direct drilling for cable through shallow water and
intertidal area.
4. Construction: Monitoring for sound of piling at sea and additional vessel traffic.











1. Adaptive management approach to monitoring and mitigation through Avian
and Bat Mitigation and Monitoring Plan (ABMP).
2. Mitigation plan focused largely on construction activities, including underwater
noise reduction, marine mammal observers on vessels during pile driving, etc.







22 wind energy facilities
with 2020 turbines, greater
than 4040 MW capacity
Operational
1. Ecological approach, including adaptive management using a Habitat
Conservation Plan (HCP) that focuses on bats and bald eagles under special
protection; applying mitigation hierarchy to ensure these populations are not
affected; and protection and monitoring for other bat species and their habitats.
2. The projects examined as part of this analysis also provide financial assistance for
costs of monitoring and mitigation.
3. The adaptive management applies monitoring results to verify the effectiveness of
mitigation measures and to reduce the uncertainty of wind energy effects in Iowa;
and triggers additional monitoring and mitigation if annual collision mortality
exceeds defined threshold limits.
4. The adaptive management framework allows for reduced mitigation measures if
monitoring results show lower mortality than allowed, including less stringent
mitigation measures such as blade feathering below the normal turbine cut-in
wind speed.
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Table 4. Assessment of the ability for each case study to validate risk-based management goals, by development phase. Key management actions are assessed against
























































Sustainability XX X XX - XX XX X X - X
Ecological
health XX XX - - - - XX - X X
Humans in
ecosystem X X X X XX X XX X X -
Complexity - X - - - X X - - -
Temporal X XX XX XX X XX X X XX XX
Spatial XX XX XX X XX XX X X X XX
Economics - - - - - - - XX - XX
Stakeholders X X - X X X X X X X
Science-based X XX XX X X XX XX X XX X
Techno-logical - XX XX - - - X X XX X
Adaptive XX XX X XX XX X XX XX X XX
X = Implemented to some degree within project. XX = Implemented within project.
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4. Discussion
The RBM framework was adapted from EBM criteria as a means of examining the range and
application of studies, monitoring foci, and mitigation measures that are prevalent in wind farm
development around the world, through a set of wind energy case studies. The intent was not to
demonstrate that certain countries, or certain types of wind farms, are most closely aligned with the
principles and implementation of RBM, but rather to examine how wind energy development may
potentially use RBM to further the goal of ensuring that low-carbon wind energy development can
proceed while protecting fragile local and regional environments. Some deficiencies and challenges
become clear from the assessment of the case studies including the difficulty in assessing wind effects
on wildlife in time and space, as well as constraints that may arise in implementing RBM at land-based
and offshore wind farms. In addition, the examination of the cases within the framework suggest some
recommended actions and best practices to support wind-wildlife interactions at wind energy farms.
Collection of data around wind farms is inherently difficult due to the extensive natural variability
of wildlife populations and habitats to change. In contrast to the typical species-by-species wind
farm management, ecological RBM encourages consideration of ecological interactions between and
among populations, habitats, and ecosystem functions [58]. The RBM wind-wildlife framework applies
the criteria of sustainability, ecological health, ecosystem services, and complexity to examine these
interactions (Table 2). Although many of the wind case studies (Table 3) considered aspects of the
environment beyond species under special protection, there was little focus on understanding the
complexity and interactivity of other animals, plants, and ecosystem processes that support those
populations. Similarly, virtually no consideration was given to predator-prey interactions, or species
competing for food or spatial resources, nor was much emphasis placed on examining temporal and
spatial home ranges of importance to wildlife [59].
Based on many of the case studies, wind farm monitoring programs are often driven by regulatory
requirements that are not necessarily underpinned by scientific questions. Each of the cases applies
some of the principles of adaptive management, indicating a desire to examine and decrease scientific
uncertainty. However, there is room for improvement for all the cases in applying scientific principles
to the collection and analysis of data, beginning with the design of sampling plans, examination
of appropriate sampling intervals to capture changes in life history and seasonal signals, trophic
interactions, and effects of external factors such as weather patterns and changing climates. Particularly
evident was the paucity of studies to address questions related to the potential effects on ecosystem
structure, function, and services, as has been shown in other studies [60,61].
The RBM wind-wildlife framework was developed to embrace the values of the EBM process,
and modified to reflect wind farm management. Developing a framework that is usable for land-based
and offshore wind cases is complicated by the high level of heterogeneity that exists between geographic
locations, indigenous, and migratory wildlife species, national laws and regulations, stakeholder
interests, regional, and intercontinental migratory corridors, and national/international financial
incentives for development. The framework reflects these complications and, of necessity, tends toward
generalizations in describing the desired outcomes of an RBM system.
Wind farm development creates challenges and constraints to meeting some of the criteria for
the wind-wildlife RBM framework. For example, there will be a need to collect additional baseline
and monitoring data year-round; engage stakeholder facilitators; and bring together a large and
diverse scientific team with expertise in wildlife, habitats, ecosystem processes, economic, and other
human uses, and ecological integrity. Each of these constraints will add to the cost of preparing
for, constructing, and operating a wind farm. To implement an RBM approach, it may be necessary
for governments and regional authorities to provide public resources to ensure that native species
and habitats are protected while developing new low-carbon energy sources. Shared responsibilities
and costs between the private developer and the public entities offer the best chance of success for
protecting environmental assets and producing power (cf. [62,63].
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4.1. Recommendations for Environmental RBM for Wind Energy Development
Based on the case studies, recommendations for implementing RBM include the need to consider
the complexity of the ecological interactions in monitoring data collection; applying planning and
management tools to decrease risk; inclusion of stakeholders in planning and outcomes; and focusing
on social and economic outcomes. Although regulatory requirements will always drive what is asked
of wind farm developers, there is a need ensure that the data collection, analysis, and mitigation
measures are science-driven, such that data and mitigation efforts will be proportionate to the risk to
the ecological system, and the addition of these data to the public record will lead to a decrease in
scientific uncertainty around these interactions [63].
4.2. Addressing Complexity of Ecological Interactions
The complexity of the ecological system in the vicinity of the project should drive the data collection,
modeling, and analysis efforts. In many cases, the more complex relationships (like predator-prey
interactions and other ecosystem responses) may be beyond the scope of a single wind farm and should
be undertaken by national or regional governments to aid in planning for future wind energy expansion.
Measures are needed to enhance and enable wind energy development to address necessary and
challenging aspects of RBM, and also to evaluate the effectiveness of applying RBM, as measured by
positive outcomes for wind energy development and interactions with the ecosystem. For land-based
and offshore wind energy development, these measures include the need for robust assessments
prior to development for populations and habitats that have a reasonable likelihood of being affected
by development and operation of a wind farm. In addition, post-installation monitoring must be
driven by hypothesis-based questions for interactions and population health, that also direct the
development and implementation of mitigation for potential deleterious effects. Each step in the process
(baseline assessment, post-installation monitoring, and mitigation) should be evaluated periodically,
using adaptive processes for change when needed.
4.3. Using the Mitigation Hierarchy and Adaptive Management to Manage Wind Farms
Incorporating adaptive management principles into an RBM process to enable the wind farm
operator, regulators, and other stakeholders will enable enhanced understanding of the effects of the
wind farm, and allow for mid-course corrections in data collection, analysis, and mitigation.
Mitigation measures for wind farms are commonly thought of as ways to decrease adverse effects,
generally after construction or operation has begun [35]. Under RBM it is also prudent to consider
design, siting, and operational plans as means of decreasing risk through avoidance. A key element
of decreasing ecological risk for land-based wind is the micro-siting of turbines within a wind farm
to ensure the least impact on key species and habitats. The mitigation measures described in each
case vary by the location and size of the wind project, species of concern, and whether the wind
farm is land-based or offshore. Typically, mitigation measures among the land-based wind farms
include measures to decrease the impacts of road building and other construction-related activities,
as well as curtailment or other operational changes to decrease collision risk. A few cases include
other operational measures, such as painting towers for increased wildlife visibility, as in the Smøla
case study. Offshore wind farm mitigation is most attuned to decreasing the effects of construction,
such as underwater noise and increased vessel traffic, and virtually no curtailment or other operational
changes have been used to date [64]. In managing land-based and offshore wind farm case studies,
monitoring results should be reevaluated and monitoring efforts realigned to act as mitigation measures,
particularly in the pursuit of decreasing scientific uncertainty, supporting RBM principles.
Only a few of the case studies specifically required the development and implementation of AM
plans aimed at protecting populations at risk, and virtually none considered additional aspects of
the ecosystem. Most notably missing from the application of AM were measurable feedback loops
that would apply outcomes from mortality and population monitoring data to the broader ecosystem.
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In an ideal application, changes in populations from wind farm collisions or other likely effects
would trigger increased monitoring of related species (predators, prey, competitors), linked habitats
and migratory corridors, and (particularly at sea) ecosystem processes like circulation and sediment
transport. Adaptive processes must also allow for decreases in monitoring and mitigation efforts if
monitoring data indicate a lower than anticipated risk to species under special protection and the
habitats that support them.
4.4. Inclusion of Stakeholders
In almost all jurisdictions, stakeholders must be allowed to play a role in some aspect of consenting
and licensing wind farms. Most public involvement focuses on the opportunity for stakeholders
to provide input and comment on plans and procedures prior to authorities granting permission to
site and construct a wind farm. A smaller number of the case studies represent a more integrated
stakeholder approach throughout the life of the wind farm. Notably, the Jura mountains wind farms
require a committee of stakeholders who meet to review monitoring data and help to set operating
specifications for future periods. For several of the wind farm cases, the proponents exceeded the legally
required stakeholder engagement, understanding that consulting with affected stakeholders and the
general public early and often helps to reduce opposition to the development, and can often generate
useful suggestions and good will. Under the RBM framework developed here, the engagement of
stakeholders is necessary above and beyond what specific laws or regulations require.
4.5. Social and Economic Outcomes
Ecological risk is unavoidably linked to social acceptance of wind farm development. Opposition
and support for wind development often hinges on perceptions of risks or benefits that will accrue
to local communities and regions [63]. Many of the concerns are associated with the proximity of
stakeholder properties and activities to proposed wind farms, including visual effects. In general,
stakeholders object less to offshore wind farms than those on land [65]. It is very common for opposition
to wind farms to be presented as a concern about environmental risk, even if underlying social and
economic issues are at the base of the concern. By addressing social and economic issues alongside the
environmental issues, there is an opportunity to counteract opposition to wind energy development,
while ensuring that local communities are respected and kept informed of the plans and outcomes of
the development.
4.6. Best Management Practices for the Application of Risk-Based Management to Wind Energy Development
At the initial development stage for a wind farm, the RBM context should be considered, including the
development of a series of best management practices:
• Examining criteria that support ecological integrity and manage risk to the environment, working
with the stakeholders.
• Measuring the criteria against proposed actions.
• Determining whether the proposed wind development actions are unlikely to meet the needs of a
healthy environment.
• Empowering the wind farm proponent, regulators, and stakeholders to collectively determine the
definition of environmental health in the presence of wind farms.
Authors should discuss the results and how they can be interpreted in perspective of previous
studies and of the working hypotheses. The findings and their implications should be discussed in the
broadest context possible. Future research directions may also be highlighted.
5. Conclusions
The examination of risk-based tools and management structures leads to the conclusion that
management of land-based and offshore wind farms can be enhanced by deploying wind energy
projects concurrent with risk identification and mitigation. While ecological risk is the subject of this
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paper, a cascading set of risks are associated with or directly affected by ecological risk, most notably
different aspects of financial and reputational risk [32].
Although there are arguably many different ways to view and evaluate risk [32] provides a subset
of these), the authors believe that EBM provides the most useful set of indicators related to wind farm
development and operation. The EBM-influenced wind-wildlife framework is designed to deliver
the most pertinent measures of how wind energy development might fit into a risk-based system.
Collection of data around wind farms is inherently difficult and wind farm monitoring programs are
often driven by regulatory requirements that are not necessarily underpinned by scientific questions.
The RBM wind-wildlife framework applies the criteria of sustainability, ecological health, ecosystem
services, and complexity to examine and underpin environmental interactions.
The wind farm case studies provide a snapshot of the range of land-based and offshore wind farms,
covering most phases of development. Developing a framework that is usable for land-based and
offshore wind cases is complicated by the high level of heterogeneity that range from biogeographic,
to wildlife species and communities, to financial and legal imperatives. The cases presented in this paper
are therefore likely not to be representative of all wind farms, nor are they intended to show all possible
risk-based evaluations and management actions for any particular type of wind energy development.
Even so, we can glean from the cases how construction and operational mitigation measures for wind
farms are being used in practice to decrease adverse outcomes. Under this framework, mitigation can
be viewed as extending to the design, siting, and wildlife avoidance measures.
Stakeholder engagement and the inclusion of stakeholder concerns at an early stage of consenting
and licensing wind farms is fundamental to gaining social acceptance and putting into perspective
the perceptions of risks or benefits for local communities. Similarly, at the conception of a wind farm
project, the application of best practices for wind–wildlife interactions can help to defray concerns
from communities over ecological damage, even if some of those concerns are more correctly social
and economic concerns.
The examination of case studies and the development of the RBM framework are first steps in
operationalizing the application of risk-based wind energy development. More detail is needed to
guide implementation of RBM from the general to the specific scale. A series of best practices is
offered here as a start; application of these best practices and the specifics of assessments, monitoring,
and mitigation plans that decrease scientific uncertainty and provide large-scale protection to living
resources must be tailored to each geographic region and each set of national goals for renewables
development and environmental protection.
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